The Fifth European Expert Meeting on Rotavirus Vaccination was convened in Utrecht, The Netherlands, in March 2017. The 2-day meeting included invited lectures as well as original oral and poster presentations and brought together experts from 21 countries. Summary findings of the meeting include: Rotavirus vaccination programmes in Europe have resulted in reductions of 60-90% in rotavirus outpatient visits and hospitalizations. Long term trends indicate this impact is sustained over the years. Herd effects, protecting unvaccinated children and neonates too young to be vaccinated have been observed in many European countries. Early evidence now also suggests that rotavirus vaccination may be instrumental in the prevention of celiac disease. Special attention should be given to preterm infants, who may age out of the vaccination window before hospital discharge and to HIV infected children who are at increased risk of severe rotavirus AGE. There is a small but increased risk of IS following rotavirus vaccination and parents should therefore be informed about possible signs and symptoms of IS. New insights in rotavirus genetic susceptibility and interactions with microbiome may open opportunities for interventions to improve protection by vaccination, in particular in LMIC. The development of several novel rotavirus vaccines discussed at the meeting is also promising in this respect.
Introduction
The Fifth European Expert Meeting on Rotavirus Vaccination was convened in Utrecht, The Netherlands, in March 2017. The 2-day meeting chaired by Dr. Patricia Bruijning-Verhagen (University Medical Center Utrecht, the Netherlands) brought together 110 experts from 21 countries.
The meeting marked a decennium of experience with rotavirus vaccination in Europe. National rotavirus vaccination programmes have now been implemented in twelve European countries and several more offer programmes at provincial level. The currently licensed live-attenuated oral vaccines in Europe include RV1 (Rotarix TM , GlaxoSmithKline Vaccines, Wavre, Belgium), a single-strain (G1P [8] ) human vaccine given as two doses and RV5 (RotaTeq Ò , Merck and Co. Inc., Whitehouse Station, NJ, USA), a pentavalent (G1, G2, G3, G4, and P [8] ) human-bovine (WC3) reassortant rotavirus vaccine given as three doses. During the meeting, experience with rotavirus universal mass vaccination (UMV) in Europe, remaining barriers and challenges, recent scientific insights and novel rotavirus vaccine developments were discussed. Sessions included invited lectures as well as original oral and poster presentations. The meeting opened with a keynote lecture by Dr. Federico Martinon-Torres.
The unexpected benefits or rotavirus vaccine
During his presentation, Dr. Martinon-Torres (University of Santiago de Compostela, Spain) outlined how rotavirus vaccines have been shown to be very effective in decreasing the gastrointestinal burden of the disease and related mortality in infants worldwide, as well as induce a significant herd effect, protecting unvaccinated individuals, when introduced into routine immunization programs. In addition, an unexpected positive impact on rotavirus extra intestinal manifestations has been suggested: a reduction in seizure incidence and seizurerelated hospitalization in vaccinated children.
1,2 Dr. MartinonTorres speculated about the impact rotavirus vaccines may have on other, additional rotavirus clinical phenotypes outside the gut, including autoimmune diseases such as celiac disease or diabetes, where rotavirus might act as a trigger in otherwise susceptible children. He also suggested the potential of non-specific heterologous effects induced by live-attenuated rotavirus vaccines, similar to those found for BCG or oral polio vaccines. Such effects could generate broader clinical protection based on cross-protective immunity and immune training of the innate system. He concluded that rotavirus vaccines are teaching us that rotavirus infection is broader than just an enteral disease, but the real impact of rotavirus vaccines on these other rotavirus clinical phenotypes is yet to be known and deserves further assessment. 3 
Impact of rotavirus UMV; recent implementations

United Kingdom
Dr. Robin Marlow (University of Bristol, UK) discussed the early impact of rotavirus UMV in the United Kingdom, where RV1 was implemented in July 2013. Vaccine uptake was high immediately with first year coverage rates of 91.5% for one and 86.0% for two doses, rising to 94.6%/90.0% in 2016. 4 During the first rotavirus season post-implementation (2014), a dramatic fall in total laboratory rotavirus detections was observed and numbers continued going down in 2015 and 2016. 4 In < 1 year olds, the number of laboratory confirmed rotavirus infections declined by 77% (68-84%).
5 A significant herd effect was found in all age groups on rotavirus specific and all cause AGE. Although the largest reductions were seen in 1 year olds (RR 0.64; 95CI: 54-82), the greatest numerical effect was seen for cases in the elderly 65 year of age. Due to the high coverage rate and observed herd effect, analysis for the first two years after rotavirus UMV introduction estimated that, for children under five years old, there had been a £12.2m reduction in direct healthcare costs per year and rotavirus UMV was highly cost-effective. 6 
Germany
Prof. Hans-Iko Huppertz (Hess-Kinderklinik, Bremen, Germany) summarized the implementation process of rotavirus UMV (RV1 and RV5) in Germany and presented data on rotavirus hospitalization rates. Rotavirus vaccination has been available in Germany on the private market since 2006, and was recommended for UMV by the Standing Committee on Vaccination (STIKO) in august 2013. 7 Before UMV introduction, the rotavirus vaccine coverage had gradually increased from 19.7% in 2009 to 32.8% in 2012, with large differences across federal states. A contemporary significant decrease in number of rotavirus diarrhea cases was observed (61,574 in 2009 and 39,056 in 2012, respectively). Following the national recommendation, the vaccination coverage increased to 66.7% in 2015. In general, vaccine hesitancy has been more common in the western part of Germany, resulting in lower vaccination coverage rates (60.1%) compared to former Eastern states (76.8%). 8 Rotavirus is a notifiable disease in Germany. Rotavirus surveillance data from the Robert Koch Institute showed a 45% decrease in rotavirus hospitalizations in children < 1 year of age in 2015 compared to pre-UMV 2013. In Estonia rotavirus vaccination (RV1 and RV5) was introduced in the National Immunization Programme in July 2014. Vaccine coverage one year post-implementation is moderate 66% (2015). Nonetheless, rotavirus incidence was decreased by 73,2/100,000 PY in 2015 and by 30.2/100,000 PY in 2016.
Israel
Dr. Khitam Muhsen (Tel-Aviv University, Israel) presented data from Israel where rotavirus had been available on the private market since 2007 and UMV was introduced in December 2010. Current vaccine coverage is 80% for three doses of RV5. Introduction of rotavirus UMV was followed by significant and sustained reductions of 80-88% in rotavirus hospitalization rates and of 30% in all cause AGE between 2011-2015 in children <5 year of age. 11 Rotavirus clinic visits were also reduced by 59%. 12, 13 RV5 vaccine effectiveness (VE) against rotavirus hospitalizations was estimated at 86% in children aged 6-23 months. Of note, among the subpopulation of Bedouin children, a lower vaccine coverage and lower VE estimate was found, both contributing to an overall smaller rotavirus vaccine impact compared to Jewish children.
Long-term impact of universal rotavirus vaccination
Four countries presented data on long-term trends in rotavirus epidemiology covering at least eight post-implementation years.
Belgium
Rotavirus vaccination (RV1 and RV5) has been recommended since October 2006 with partial reimbursed since November 2006.
14 Dr. Sabbe (Scientific Institute of Public Health, Belgium) emphasized that despite the required co-payment by parents of €12,-per dose, vaccine uptake is high (87%). Both sentinel laboratory surveillance data and national hospital administrative data confirm a substantial and sustained reduction in rotavirus AGE following widespread vaccine use. Most notably, in children below 2 years of age a mean and consistent reduction of 81% in rotavirus hospitalizations was observed post-vaccination and a 47% reduction in all-cause AGE. The number of laboratory rotavirus detections has decreased by 75% in this age group. Surveillance data demonstrate emergence of a biannual pattern in recent years, where rotavirus activity was increased in 2013 and 2015, but remained well below pre-vaccination levels.
Austria
In Austria, publicly funded UMV was implemented in July 2007. Owing to nationwide annual contracts there were alternating periods of RV5 or RV1 use between 2007 and 2012 and RV1 was used thereafter. Vaccine coverage is estimated at 72-87%. 15 Dr. Martina Prelog (University Hospital Wurzburg, Germany) presented data on rotavirus hospitalization rates during the pre-(2002 to June 2007) and post -vaccination period (July 2007 to 2012); a decrease of 89% was observed across all age-groups (0-18 years), including neonates of <42 days not yet protected by vaccination, suggesting herd protection. 16, 17 Of note, 6% of rotavirus hospitalizations occurred in vaccinated children. Incomplete rotavirus vaccination appeared a risk factor for vaccine failure (OR 5.7; 95%CI: 4.2-7.8). This highlights the importance of complete vaccination.
Finland
Data from Finland were presented by Dr. Maria HemmingHarlo (University of Tampere, Finland). RV5 was introduced for routine vaccination in 2009. Vaccination coverage increased quickly and has remained at approximately 90%. The proportion of outpatient visits and AGE hospitalizations due to rotavirus in children decreased from 52% to 13% in 2012-2014. Dr Hemming noted that norovirus is now the leading cause of AGE (34%) in Finish hospitals. Relative reductions in rotavirus hospitalizations and outpatient visits were 76% and 81%, respectively between 2009-2011 and were sustained at 90% between 2012-2014. 18 The rotavirus age distribution has shifted towards older children with peak incidence currently at 4-7 years of age. Genotyping of rotaviruses demonstrates a higher diversity in children post-vaccination without any obvious predominant strain.
United States
Dr. Daniel Payne (US Centers Disease Control and Prevention (CDC), United States) presented data from the US where universal RV5 vaccination was implemented in 2006. RV1 became available in 2008 and both vaccines have been used since. Surveillance networks and field studies showed consistent and dramatic decreases in all measures of surveillance during the post-rotavirus vaccine era and vaccine effectiveness continues to be good (on average 80% across various rotavirus genotypes and post-vaccine years between 2008-2013). Rotavirus hospitalization rates are below the expected rate given the measured vaccine coverage demonstrating a certain level of herd-protection. Preliminary results showed that this might have led to >27,000 extra averted hospitalizations over 9 post-licensure years. The US has seen a change in dominant rotavirus genotypes over the past years (G3P [8] in year 2009-2011 and G12P [8] in [2012] [2013] [2014] [2015] . This shift in genotypes is, however, not associated with changes in rotavirus hospitalization rates.
Global introductions, impact and remaining barriers
In 2016, 81 countries had introduced rotavirus UMV programmes. GAVI alliance supported rotavirus vaccine introductions in 38 developing countries between 2006 and 2015. Dr. Umesh Parashar (US Center for Disease Control and Prevention (CDC), United States) presented results on rotavirus vaccination impact in several of these countries. Most importantly, RV vaccine introduction has led to up to 50-80% reductions in RV hospitalizations in vaccinated infants, 19, 20 and a sustained mortality decline in Brazil and Mexico. 21 However, rotavirus vaccine implementation in Eastern Europe and Asia lags behind. Several barriers are present, including the vaccine costs and the limited perception of rotavirus disease burden by family, pubic health authorities and physicians. 22 
Policy issues
Several barriers to rotavirus UMV were discussed during this session. This included vaccination policy issues related to specific medical risk groups and barriers to the introduction of mass vaccination and possible alternatives.
From Yes to No in France
Dr. Pierre Pothier (University of Burgundy, France) discussed the current situation in France, where rotavirus vaccines are not included in the national immunization programme, nor reimbursed. In 2015, a previously issued rotavirus vaccine recommendation by the High Council for Public Health was withdrawn in response to a report from the Pharmacovigilance Committee. The high number of reported cases of intussusception (IS) following rotavirus vaccination, including two infant deaths, was considered worrying. The report had a significant impact in the media. Today's vaccine coverage is below 5%. The French observations have not been supported by data from other countries where rotavirus vaccines are being used, and a thorough evaluation of the events has been hampered by insufficient documentation. No re-evaluation of the decision on rotavirus vaccination is planned thus far.
Netherlands; selective or universal vaccination
The Netherlands has no rotavirus UMV programme (coverage < 1%). Yet, Dutch surveillance data suggest a transition from annual to biannual rotavirus epidemics since 2013, and an estimated reduction of rotavirus disease burden of approximately 50%. The reason for this transition is unclear, but may be explained, in part, by the UMV implementation in neighboring countries possibly reducing rotavirus circulation. Dr.
Bruijning-Verhagen presented an updated cost-effectiveness and risk-benefit analysis, based on recent epidemiological data. In this low-endemic setting, targeted rotavirus vaccination of medical risk groups, such as preterms, still appeared cost-effective and cost-saving, but UMV was only cost-effective at substantially reduced vaccine costs. The vaccination risk-benefit ratio was more favorable for medical risk group compared to healthy infants. Targeted vaccination could reduce fatal rotavirus cases by nearly 90%. Dr. Carlo Giaquinto (University of Padua, Italy) suggested that the high-risk approach might be an acceptable alternative for the French.
Vaccine administration in NICU settings
Dr. Caroline Quach (University of Montreal, Canada) discussed the difficulties around vaccinating preterm infants within the recommended age limits for rotavirus vaccination. In the United States and Canada, 23%-44% of the preterm infants exceed the upper age limit (104 days) for vaccination during their Neonatal Intensive Care Unit (NICU) admission. 23 Vaccination within the NICU is debatable due to a theoretical risk of transmission by live vaccine virus shed in stool. Dr. Quach presented data from US and Canadian studies, where preterm infants received rotavirus vaccine while on the NICU. No evidence for symptomatic transmission to ward mates was found under normal infection control measures (gowns and gloves). Rotavirus vaccine was generally well tolerated, but one study found an association between rotavirus vaccine administration and risk of central-line associated bloodstream infections. 24 Dr. Quach concluded that in the absence of UMV associated herd protection, vaccination in NICU settings could be a favorable strategy, while in a UMV setting with high coverage and thus herd protection, the added value of vaccinating in the NICU requires further confirmation.
Vaccination of special populations
This presentation on rotavirus vaccination of HIV infected, or otherwise immunocompromised children was given by Dr. Carlo Gianquinto (University of Padova, Italy). Studies in lowand-middle-income countries (LMIC) have shown that rotavirus AGE is more common and more severe in HIV-infected than in uninfected children. Universal administration of either RV1 or RV5 vaccines has been effectively implemented in several HIV-high prevalent African countries. In South-Africa, this was associated with a 65% reduction in all-cause diarrheal hospitalizations in the 2010-2015 period in both HIV-infected and uninfected children. 25 Following earlier, smaller studies of rotavirus vaccination among HIV infected children, results from a large randomized controlled trial conducted in HIV exposed and HIV infected children in South-Africa recently demonstrated safety and immunogenicity of RV5 in both populations. 26 Dr. Gianquinto emphasized this is an important and reassuring confirmation that vaccination of HIV infected and exposed populations should be promoted.
Severe Combined Immunodeficiency (SCID) remains the only strict contraindication for rotavirus vaccination because of potential vaccine strain associated severe diarrhea. 27, 28 No safety data are available for other B and/or T cell immunodeficiency syndromes, but rotavirus vaccination is contraindicated if already diagnosed at the time of immunization. Children with selective IgA deficiency may, asymptomatically, have prolonged excretion of rotavirus vaccine strain, but this is not considered a contraindication.
Update on licensed rotavirus vaccines
Dr. Bernd Benninghoff (GSK Vaccines, Belgium) and Dr. Timo Vesikari (University of Tampere, Finland) summarized efficacy, effectiveness and impact data from high income settings for RV1 and RV5, respectively. In large Phase III trials, both vaccines demonstrated excellent efficacy against severe rotavirus AGE up to 95%. Post-licensure vaccine effectiveness estimates against rotavirus hospitalization range from 70% to more than 90%. Dr. Benninghoff discussed the impact of universal infant vaccination with RV1 using the Belgian experience for illustration. A sustained and continued decline in rotavirus hospitalizations and nosocomial infections in young children up to nine years post-implementation has now been confirmed. While the large Phase III safety trials did not find and increased risk of IS for either vaccine, following widespread use a small but increased risk of IS became evident mainly after the first dose. Dr. Benninghoff emphasized that parents should be systematically informed of the risk of IS and advised to seek medical care immediately should symptoms of IS occur. 30 Serotype-specific efficacy against rotavirus hospitalizations and emergency department visits up to 3-years post-vaccination was 82% (G2) to 95% (G1). 31 Studies on the long-term impact of RV5 found that new genotypes appear following widespread rotavirus vaccination. Dr. Vesikari emphasized that RV5 retains its effectiveness against severe rotavirus AGE even with the "new" rotavirus genotypes, and therefore the strain replacement does not affect vaccine impact.
Vaccine Safety: Intussusception
During this session, rotavirus vaccine related IS was discussed by Dr. Doris Oberle (Paul-Erlich-Institute (PEI), Germany), Dr Umesh Parashar and Dr. Julie Bines (University of Melbourne, Australia). Population-based studies from Australia showed a relative risk for both vaccines in the first 7 days following dose one of 6.8 (95%CI 2.4 to 19.0] for RV1 and 9.9 (95%CI 3.7-26.4) for RV5. A smaller risk was identified 1-7 days following the second dose of both vaccines. 32 Data from the US showed a relative lower risk of IS during day one and two post-vaccination, compared to day three to six after the first dose for both RV1 (daily reporting risks (DRRs): 7.5; 95%CI: 2.3 to 24.6) and RV5 (DRRs: 3.75; 95%CI: 1.90 to 7.39). 33 Overall, the risk of IS post dose one, estimated from the presented studies conducted in Australia, US and Europe varied between 1.04 and 5 additional cases per 100.000 first doses. 32, [34] [35] [36] [37] In Germany, IS cases notified to pharmacovigilance because of a possible link with vaccination required partial bowel resection in 15.2% of cases. An ongoing matched case-control study by the German Federal Institute for Vaccines and Biomedicines evaluates IS risk factors in children below one year of age. Preliminary results are expected end of 2017. IS and its association with rotavirus vaccination continues to be monitored.
Despite the small excess risk of IS in infants following vaccination, the benefit risk ratio strongly favors vaccination in both developed and developing countries. 38, 39 For example, in the US the number of averted rotavirus outpatient clinic visits and hospitalizations is 273.000 and 53,444, respectively. Per vaccine induced IS case, 28-134 rotavirus related deaths are averted and 3603-17,118 emergency visits. Dr. Desselberger set out in detail the innate and acquired immune response to natural rotavirus infection and to RV5 and RV1. In particular, the search for adequate correlates of vaccine protection continues. The degree of neutralizing (NT) antibody synthesis (40-50%) elicited by rotavirus vaccination is below the protective levels against severe rotavirus disease (80-90%). This suggests that the correlates of protection are complex, consisting of type-specific and cross-NT VP7-and VP4-specific antibodies and non-NT, VP6-specific antibodies, acting by 'intracellular NT' after transcytosis. 40 Growing body of evidence indicates that composition of the intestinal microbiome is correlated with rotavirus vaccine response. 41, 42 Dr. Harris explained how these differences in intestinal microbes may contribute to the decreased efficacy of rotavirus vaccine found in resource-poor settings based on results of a matched case-control study conducted in Ghana. The intestinal microbiome composition and diversity between Ghanian rotavirus vaccine seroconverters and nonseroconverters was significantly different. The responders' microbiota were more similar to those of Dutch infants, used as an external comparator. 43 These data can serve as a springboard for testing numerous mechanistic explanations of the relationship between the intestinal microbiome and rotavirus vaccine immunogenicity.
It is increasingly recognized that rotavirus vaccine effectiveness is dependent on the genetic susceptibility to rotavirus infection. Dr. Svensson explained how genetically determined expression of H type 1 (secretor status) and Lewis antigens in the gut mucosa is essential for rotavirus susceptibility in a genotype-dependent manner. Rotavirus P [8] infections are only detected among Lewis and secretor-positive children, while P [6] strains predominantly infect Lewis-negative children irrespective of their secretor status. 44, 45 The modest efficacy of P [8] -based vaccines in Africa could be due to host innate genetic resistance to infections with P [8] strains. 46 Preliminary RV1 and RV5 vaccine data from Nicaragua show that no children with the Lewis a phenotype seroconverted (IgA 4-fold increase) (n D 14; GMT pre 88; post 97) after the first dose as compared to 26% in children with Lewis b (n D 175; GMT pre 83; post 138) or 32% in children with the Lewis-negative (n D 47; GMT pre 75; post 124). He stated that a P [6] component in the existing vaccine formulations should be considered.
Rotavirus infection has been proposed to trigger type 1 diabetes (DM1) and celiac disease by molecular mimicry in genetically susceptible children. [47] [48] [49] [50] Dr. Vesikari presented results from the FES study, following former participants of the RV5 phase III trial. In 2015, a questionnaire was sent asking whether the child developed DM1 or celiac disease. Results showed that the prevalence of celiac disease was significantly lower in the RV5 vaccinated children compared to placebo recipients (0.60% versus 1.11%; p D 0.027). No association was found between DM1 and RV5 in over 10-year follow-up (1.04% vs 0.97%; p D 0.810). This is important first evidence of rotavirus vaccination beneficial effects in the prevention of chronic diseases.
New rotavirus vaccines
The need for new rotavirus vaccines is especially strong in LMIC where performance of the currently licensed rotavirus vaccines lacks behind compared to high income countries. 51 Several new vaccine developments were presented during this meeting.
The RV3-BB vaccine is based on the asymptomatic human neonatal rotavirus strain RV3 (G3P [6] ). Dr. Julie Bines (University of Melbourne, Australia) described the unique characteristics of this strain and how this provides an ideal opportunity to target a birth dose rotavirus vaccine strategy. The P [6] genotype may offer additional benefits in regions, such as Africa, where the Lewis-negative phenotype is more common. A Phase IIa trial in New Zealand showed a robust immune response with a 3-dose neonatal or infant RV3-BB schedule. A Phase IIb trial of the efficacy, safety and immunogenicity of oral RV3-BB rotavirus vaccine, administered as a neonatal schedule with a birth dose (age 0-5 days), 8-10 and 14-16 week doses or an infant schedule of 8-10, 14-16 and 18-20 week doses, was recently conducted in primary care centers and hospitals in Yogykarta and Central Java provinces, Indonesia.
Dr. Michelle Groome (University of the Witwatersrand, South Africa) presented results from a recently completed randomized, double-blind, placebo-controlled trial on the safety and immunogenicity of a parenteral P2-VP8-P[8] subunit rotavirus vaccine conducted in South Africa. Results showed that the vaccine was well tolerated in both healthy toddlers 2 and <3 years (single injection) and in term infants 6 and <8 weeks (three injections four weeks apart) without identifiable safety concerns. The vaccine was immunogenic in infants and significant fewer infants vaccinated with P2-VP8-P [8] shed rotavirus compared to the placebo recipients. Currently a multi-center study in South Africa is conducted to evaluate safety and immunogenicity of a trivalent P2-VP8-P[4/6/8] vaccine in adults, toddlers and infants.
Dr. Baoming Jiang (US Centers for Disease Control and Prevention, United States) presented the progress towards the development of the inactivated rotavirus vaccine (IRV) with a CDC-9 strain (G1P [8] ). In animal models, monovalent IRV can induce strong IgA and IgG, and cross neutralizing antibody responses in serum, as well as mucosal immunity and induced solid protection against infection and diarrhea. [52] [53] [54] Currently, first-in-human phase I clinical trials are planned.
Dr. Vesna Blazevic (Univeristy of Tampere, Finland) presented results from the recently developed non-live subunit norovirus and rotavirus combination vaccine consisting of GI.3 and GII.4 norovirus-like particles (VLPs) and polymeric rotavirus VP6. Mice studies have shown high immunogenicity and protection from heterologous rotavirus infection. In addition, rotavirus VP6 oligomeric structural assemblies (VP6T and VP6S) act as adjuvants and delivery vehicles for norovirus VLPs in vivo. This dual role of VP6 as adjuvant and subunit rotavirus vaccine makes the VP6 a promising vaccine candidate for prevention of childhood AGE.
Summary
In conclusion, rotavirus vaccination programmes in Europe have resulted in reductions of 60-90% in rotavirus outpatient visits and hospitalizations. Long term trends indicate this impact is sustained over the years. Herd effects, protecting unvaccinated children and neonates too young to be vaccinated have been observed in many European countries. Early evidence now also suggests that rotavirus vaccination may be instrumental in the prevention of celiac disease. Special attention should be given to preterm infants, who may age out of the vaccination window before hospital discharge and to HIV infected children who are at increased risk of severe rotavirus AGE. There is a small but increased risk of IS following rotavirus vaccination and parents should therefore be informed about possible signs and symptoms of IS. New insights in rotavirus genetic susceptibility and interactions with microbiome may open opportunities for interventions to improve protection by vaccination, in particular in LMIC. The development of several novel rotavirus vaccines discussed at the meeting is also promising in this respect.
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